The performance of a matrix-assisted laser desorption ionization-time of flight mass spectrometry (MALDI-TOF MS) workflow using an extensive reference database for dermatophyte identification was evaluated on 176 clinical strains. Using a direct-deposit procedure after 3 incubation days yielded 40% correct identification. Both increasing incubation time and using an extraction procedure resulted in 100% correct identification.
D
ermatophytes, which invade and infect keratinized tissues, affect a large proportion of the population, and over $500,000,000 per year is spent on antifungal drugs (1) . This specific group of filamentous fungi can be separated in three anamorphic genera, Epidermophyton, Microsporum, and Trichophyton, and divided into geophilic, zoophilic, and anthropophilic species. Though resistance is uncommon (2), a proper identification of the infection agent is essential from an epidemiological point of view as well as for the choice of the antifungal treatment regimen and determining the source of infection (1) .
Conventional identification of dermatophyte species relies mainly on the morphological characteristics of the strains, but it can take several weeks before the discriminative characteristics appear. In recent decades, however, molecular methods have been employed for dermatophyte species identification. Although DNA sequencing has become the gold standard for identifications, it is quite costly and time-consuming. Nowadays, matrixassisted laser desorption ionization-time of flight mass spectrometry (MALDI-TOF MS) represents a powerful tool for rapid and accurate identification of microorganisms (3) (4) (5) (6) (7) (8) (9) and has also proven to be promising for identification of filamentous fungi (10) (11) (12) (13) (14) (15) (16) (17) and dermatophytes (18) (19) (20) (21) (22) (23) (24) . The approach is based on the acquisition of a protein profile (between 2 and 20 kDa) and its comparison to a database with reference spectra (25) . Since current databases for dermatophytes are quite limited and generally contain only the most common species, the robustness of a homemade, extensive database was evaluated using a MALDI-TOF MSbased workflow.
The database was constructed with a total of 195 reference strains and 58 species of Arthroderma, Epidermophyton, Microsporum, and Trichophyton, originating from the BCCM/IHEM fungal collection and the mycology laboratory of the CHU Timone in Marseille, France, and their identity was determined by DNA sequencing (see the full list in Table S1 in the supplemental material). Reference spectra included in the library were obtained after 3 days and for some slow-growing strains after 7 and/or 14 days of culture at 25°C on solid Sabouraud medium supplemented with chloramphenicol. In order to enhance the effectiveness and diversity of the library, 10 raw mass spectra from 4 different subcultures from each strain were generated (26) . For the acquisition of the mass spectra, a formic acid/acetonitrile extraction protocol described for molds (27) was applied and main spectra (MSP) were created using the MSP creation function of the Maldi Biotyper software. Instrument calibration was performed with a bacterial test standard (BTS; Bruker Daltonics) on a MicroFlex (Bruker Daltonics) mass spectrometer. Spectra were recorded in the positive linear mode in a mass range from 2 to 20 kDa using the MALDI Biotyper Automation Control software.
All analyzed isolates were subcultured at 25°C on Sabouraudchloramphenicol plates. Overall, 168 dermatophyte isolates originating from nail (66%), skin (29%), and hair (5%) specimens and collected between July 2012 and July 2013 in the microbiological laboratory from the University Hospital in Brussels, Belgium (UZ Brussels), were analyzed. Additionally, 8 isolates from two tinea capitis outbreaks in Belgian schools were investigated using both conventional methods and MALDI-TOF MS. After 72 h, fresh spores and filaments of each colony were scraped out using a wooden toothpick and smeared onto eight spots of a MALDI 96 polished steel target plate (Bruker Daltonics). After drying, four of the eight spots were covered with 1 l 70% formic acid (SigmaAldrich) and again allowed to air dry. Thereafter, all spots were covered with 1 l of an HCCA (␣-cyano-4-hydroxycinnamic acid) matrix solution (in 50% acetonitrile-47.5% water-2.5% trifluoroacetic acid) and dried at room temperature. If no correct identification was obtained, the isolates were reanalyzed after 7 and 14 days following the formic acid-acetonitrile extraction protocol used to build the reference database (27) . For each isolate, the spectrum of each spot was compared with the reference library spectra and analyzed with the MALDI BioTyper 3.0 software (Brüker Daltonics, Germany). Each isolate was analyzed in qua-druplicate, and the MS-based identification was considered correct only if at least three of the four spots displayed the same identification, with the mean of their best-match log score (LS) being Ն1.70. Discrepancies from the classical identification methods were resolved by sequencing the internal transcribed spacer (ITS) ribosomal DNA (rDNA) regions with primers ITS 4 and 5 (28) and the beta-tubulin (BT) region with primers BT2A and BT2B (29) as the identification gold standard.
In the literature, the implementation and identification of different MALDI-TOF MS systems have already been extensively discussed for dermatophytes (18) (19) (20) (21) (22) (23) (24) . However, no standardized workflow where both the extraction procedure and the incubation time were assessed has been described so far. Based on the MALDI-TOF MS identification of yeasts, all clinical strains were tested after 3 days of incubation using a directdeposit methodology with or without addition of 1 l of formic acid (30, 31) .
Trichophyton rubrum was the most prevalent species (73%) of all clinical isolates, followed by T. interdigitale (17%), Microsporum audouinii (3.6%), Arthroderma benhamiae (3%), T. tonsurans and T. violaceum (1.2%), and M. canis and M. gypseum (0.6%). After 3 days of incubation at 25°C and using the direct-deposit methodology, 33% of the isolates were already correctly identified. The use of 1 l 70% formic acid increased this percentage to 40%, with exact identification for all strains belonging to A. benhamiae and T. interdigitale. For all the other species, waiting 7 days and using the extraction protocol increased the identification to 80% and after 14 days 100% of the isolates were correctly identified (Fig. 1) . The classical (morphological) identifications, performed at the University Hospital, were shown to be erroneous in 11 cases (7%) ( Table 1) . Additionally, the proposed MALDI-TOF MS flowchart (Fig. 2) was used to identify 8 dermatophytes involved in two tinea capitis outbreaks. After 3 incubation days using the direct-deposit methodology, with and without the addition of 1 l 70% formic acid on the smear, the responsible 
M. gypseum (1) T. interdigitale (29) T. interdigitale (29) Trichophyton rubrum (122) T. rubrum (117) T. rubrum (122) T. interdigitale (4) T. tonsurans (1) Trichophyton tonsurans (2) T. tonsurans (1) dermatophytes was correctly identified by MALDI-TOF MS as T. tonsurans and M. audouinii, both with a mean LS of Ն1.7. Compared with the conventional methodology, which took 7 to 14 days, depending on the appearance of the morphological characteristics of the strains, the correct identification by MALDI-TOF MS was significantly faster. In the present study, a comprehensive and diverse dermatophyte library was evaluated and validated using a workflow obtaining 100% correct species identification after a maximum incubation period of 14 days and using an extended extraction protocol if necessary. The efficacy of this protocol was highlighted by the fast identification of dermatophytes species involved in two tinea capitis outbreaks.
